Numerous human genes display dual coding within alternatively spliced regions, which give rise to distinct protein products that include segments translated in more than one reading frame. To resolve the ensuing protein structural puzzle, we identified 67 human genes with alternative splice variants comprising a dualcoding region at least 75 nucleotides in length and analyzed the structural status of the protein segments they encode. The inspection of their amino acid composition and predictions by the IUPred and PONDR® VSL2 algorithms suggest a high propensity for structural disorder in dual-coding regions. In the case of þ1 frameshifts, the average level of disorder in the two frames is similarly high (47.2% in the ancestral frame, 58.2% in the derived frame, with the average level of disorder in human proteins being approximately 30%), whereas in the case of −1 frameshifts, there is a significant tendency to become more disordered upon shifting the frame (16.7% in the ancestral frame, 56.3% in the derived frame). The regions encoded by the derived frame are mostly disordered (disorder percentage >50%) in 39 out of 62 cases, which strongly suggests that structural disorder enables these protein products to exist and function without the need of a highly evolved 3D fold. The potential advantages are also demonstrated by the appearance of novel functions and the high incidence of transcripts escaping nonsense-mediated decay. By discussing several examples, we demonstrate that dual coding may be an effective mechanism for the evolutionary appearance of novel intrinsically disordered regions with new functions.
Numerous human genes display dual coding within alternatively spliced regions, which give rise to distinct protein products that include segments translated in more than one reading frame. To resolve the ensuing protein structural puzzle, we identified 67 human genes with alternative splice variants comprising a dualcoding region at least 75 nucleotides in length and analyzed the structural status of the protein segments they encode. The inspection of their amino acid composition and predictions by the IUPred and PONDR® VSL2 algorithms suggest a high propensity for structural disorder in dual-coding regions. In the case of þ1 frameshifts, the average level of disorder in the two frames is similarly high (47.2% in the ancestral frame, 58.2% in the derived frame, with the average level of disorder in human proteins being approximately 30%), whereas in the case of −1 frameshifts, there is a significant tendency to become more disordered upon shifting the frame (16.7% in the ancestral frame, 56.3% in the derived frame). The regions encoded by the derived frame are mostly disordered (disorder percentage >50%) in 39 out of 62 cases, which strongly suggests that structural disorder enables these protein products to exist and function without the need of a highly evolved 3D fold. The potential advantages are also demonstrated by the appearance of novel functions and the high incidence of transcripts escaping nonsense-mediated decay. By discussing several examples, we demonstrate that dual coding may be an effective mechanism for the evolutionary appearance of novel intrinsically disordered regions with new functions.
alternative splicing | nonsense-mediated decay | unstructured protein T he process of alternative splicing (AS), in which different combinations of exons are joined together in mRNA maturation, enables several protein isoforms to be encoded by a single gene (1, 2) . It is estimated that more than 75% of mammalian genes are alternatively spliced (1, 3) and in about 50% of all AS events the reading frame is altered (4), i.e., a certain stretch of DNA has the potential to be translated in different reading frames. The use of such alternative reading frames (ARFs), however, is often suppressed by a premature termination codon (PTC) that results in nonsense-mediated decay (NMD) of the mRNA product (5, 6) . In mammals, a stop codon followed by an exon-exon junction more than 50-55 nucleotides downstream is recognized as a PTC (7) that regulates gene expression and/or acts as a surveillance mechanism against potentially harmful protein products.
A major concern with dual-coding in ARFs is that it gives rise to two intertwined polypeptide sequences which are highly unlikely to both result in two properly folded functional proteins. Thus, dual-coding has long been thought to be prevalent only in viruses and prokaryotes that are under pressure to maintain a compact genome (8, 9) . Only relatively recently, results on functional pairs of proteins derived from ARFs (10-16) and bioinformatic studies of conserved overlapping open reading frames (ORFs) (16) (17) (18) (19) have pointed to the likely importance of the use of ARFs in eukaryotes.
An enigmatic issue largely overlooked thus far is the protein structural impact of this phenomenon. Because folding of a polypeptide chain to a unique 3D state is a highly evolved feature, the chance is very low that dual coding would result in two sequences that are both capable of folding into well-defined, functional, 3D structures. It is thought that coevolution of overlapping viral reading frames has been made possible by the presence of structural disorder (8, 9) . In the much more relaxed eukaryotic genomes, the structural conundrum delayed the recognition of now accepted cases of such functional protein pairs translated in two ARFs, such as XLαs/ALEX (14) , p16
INK1α ∕p19 ARF (15), 4E-BP3/ MASK (20) , and pXBP1(U)/pXBP1(S) (21) . These observations and further structural considerations raise the idea that the structural puzzle of dual coding can be solved by assuming the structural disorder of the proteins involved, at least in one of the ARFs. If any of the alternative polypeptides lack a wellstructured 3D fold (i.e., intrinsically disordered), both variants could exist and function without violating our basic notions of gene organization and protein structure.
This idea draws from the recent realization that intrinsically disordered proteins or regions of proteins (IDPs/IDRs) exist and function without a well-defined 3D structure, yet they are surprisingly common in proteomes (22) (23) (24) (25) . Their functions either directly stem from their ability to fluctuate over an ensemble of structural states (entropic chain functions) or from molecular recognition, in which the disordered segment undergoes local folding induced by the partner (26, 27) . Structural disorder correlates with AS (28) and it often provides functional advantages, such as the increased speed of binding, extended binding surfaces, and the ability to adapt to the structure of different partners (29) . IDPs are enriched in disorder-promoting polar and charged amino acids and depleted in order-promoting bulky hydrophobic amino acids (30) , and structural disorder is predictable by a variety of bioinformatic algorithms.
In accord, we carried out a thorough bioinformatic analysis of the dual-coding regions of human alternative splice variants. For both their original and derived reading frames, we analyzed their amino acid composition and predicted their disorder by two algorithms, IUPred (31, 32) and PONDR® VSL2 (33) . By all measures, we found a positive correlation between structural disorder and dual coding in ARFs. We discuss in detail the structural rationale of this finding and also extend our observation to several confirmed and probable functions related to the derived frames of the dual-coding regions. described in Methods (with an average length of 49 and a median of 38 residues; Table S1 ). Although the RefSeq database is one of the most reliable sources of mRNA data, and we only used the transcripts with a "reviewed" status, this dataset still could contain annotation errors and mRNA sequences without evidence at protein level. As a further verification step, we excluded cases where we did not find evidence for both isoforms at the protein level, which resulted in 67 genes in our final dataset. We could confidently identify the original (ancient) and the (novel) derived state of the region in 62 cases.
Because amino acid composition is the primary determinant of protein disorder (34), we started our study with analyzing the amino acid frequencies of these dual-coding regions of human alternative splice variants. First, to investigate the effect of a frameshift on an arbitrary sequence, we compared a sample RefSeq dataset to its þ1 and −1 frameshifted versions and to IDPs/IDRs in the DisProt database (25) ( Table 1 ). Our results show that the majority of order-promoting residues are underrepresented in the frameshifted RefSeq dataset, whereas several disorderpromoting residues, such as the structure-breaker proline (35) , are overrepresented. Almost all the observed differences caused by shifting the frame are statistically significant (Chi-square test with Bonferroni correction, P < 0.0025).
Next, we compared the amino acid composition of dual-coding regions to these controls, i.e., ancestral frames to the RefSeq database and derived frames to the frameshifted RefSeq datasets. Intriguingly, −1 and þ1 frameshifted dual-coding regions show different patterns of change. In case of the þ1 frameshifted splice variants, the ancestral and derived frames differ similarly from their controls, i.e., they show a further decrease in certain order-promoting amino acids (Ile, Met, Asn) and an increase in disorder-promoting residues (Ala, Pro). The most remarkable change is a further increase in the frequency of Pro (3-5% compared to the frameshifted RefSeq sequence). In case of the −1 frameshifted variants, the ancestral frame contains less Lys, Ser, and Glu and more Leu, whereas the derived frame resembles the amino acid composition of the þ1 shifts. The characteristic pattern in the ancestral frame of the −1 splice variants could be explained by the appearance of stop codons from the codons of Lys, Ser, and Glu upon shifting the frame.
The amino acid composition of derived frames is compared to that of an average protein in Fig. 1 . Rather consistently, they have a lower level of hydrophobic residues (Phe, Tyr, Ile, Met, Val) compensated by small and/or hydrophilic amino acids (Cys, Gly, Arg, His, Ser), with a conspicuous increase in proline to about 12-14% in both types of frameshifts. The significance of this value is underscored by the average proline content of proteins in UniProt/Swiss-Prot (<5%), and even of disordered proteins in DisProt (<8%). Overall, the direction of these changes in amino acid composition upon frameshift suggests an increase in the level of structural disorder.
High Predicted Disorder in Dual-Coding Regions. Because amino acid composition is only a rough descriptor of structural disorder, we predicted protein disorder in the alternative frames of the dual-coding regions by sequence-based bioinformatic predictors IUPred (31, 32) and PONDR® VSL2 (33) , and calculated the percentage of disordered residues (for cutoff values; see Methods). With the COILS software, we could not detect any predicted coiled-coil structure that would be misinterpreted as a disordered region. The calculated percentages of disordered residues are given in Table S1 . The overall high propensity for disorder is shown in Fig. 2A : Predicted disorder of regions encoded by the derived frame is significantly higher (Mann-Whitney test, p < 0.05) than that of random sequences in the frameshifted RefSeq dataset and approaches that of fully disordered proteins in DisProt.
When individual pairs are considered, in most cases at least one of the ARFs encodes for a protein region with high predicted disorder, only very rarely show both the ancestral and derived frames a pattern of order (geneIDs 1185, 4170, 122769). Upon shifting the frame, structural disorder tends to increase overall, as demonstrated by the averages of disorder percentages in ancestral frames (19.6% by IUPred or 43.3% by PONDR® VSL2) vs. derived frames (41.2% by IUPred or 73.2% by PONDR® VSL2).
The two possible directions of the shift, however, differ in this regard: In the case of þ1 frameshift, there is no general direction in the change of disorder, either the ancestral or the derived frame can be disordered (Fig. 2B ). In the case of the −1 frameshift, the region encoded by the ancestral frame tends to be more ordered and the derived frame tends to be more disordered (Fig. 2C ). On the whole, mostly disordered regions are prevalent in our dataset, they are found in at least one frame 17∕30 (IUPred) or 27∕30 (PONDR® VSL2) of the þ1 frameshifted cases, and 13∕32 (IUPred) or 22∕32 (PONDR® VSL2) of the −1 frameshifted cases.
Region Encoded by the Derived Frame Often Enables the Transcript to
Escape NMD. NMD is the first line of defense against truncated proteins that would appear in the cell due to the generation of a PTC (6) by a shift in the reading frame. We can infer functional selection if the alternative (derived) frame is long enough to reach the end of the NMD zone (past 50 base pairs upstream of the last exon-exon junction).
To this end, we analyzed our dataset for the NMD status of the splice variants encoded by the derived frame (Fig. 3) . Only a few cases were found where the dual-coding region is not at the C terminus (5∕62) or the short derived frames potentially lead to NMD degradation (3∕62). Almost half of the dual-coding regions (27∕62) begin in the last exon (or in a very short exon before the last), i.e., they are not targets of NMD. Interestingly, the same number of proteins with derived frames (27∕62) escape NMD because of their sufficiently long coding regions.
The mRNAs of these altered proteins (carrying the truncated common sequence and a different C-terminal segment) are not degraded, and the functional significance of the loss of their original C terminus and/or the function of the novel C terminus can manifest itself. Because we observed high predicted disorder at the protein level in 22 out of 27 cases, we can assume an evolutionary advantage of structural disorder in NMDescaping variants.
Select Examples of Dual-Coding Splice Variants Show Well-Defined
Functions for Both Isoforms. The frequent escape from NMD and a high level of structural disorder suggest that dual coding Table 1 . Changes in amino acid frequencies due to frameshift in an average nucleotide sequence
Frameshifted human RefSeq datasets and IDPs/IDRs in DisProt were compared to the original human RefSeq dataset. Nonsignificant differences are marked with zero. The numbers represent the difference in the percentage of the appropriate residue (0-1%: +1, 1-2%: +2, etc.). Amino acid frequencies were compared by Chi-square test with the Bonferroni correction (p < 0.0025).
may represent an effective genetic strategy of generating functional variation at the protein level. A search in the literature unveils several cases of such functional pairs demonstrating exciting biology.
The most extraordinary finding is the Guanine nucleotidebinding protein G(s) (GNAS) complex locus (geneID 2778), which encodes for several isoforms of the stimulatory G-protein alpha subunit (14) . The transcript that encodes XLαs, the longest G(s)α subunit variant, includes a second overlapping ORF within its N-terminal XL domain, which encodes the structurally unrelated protein ALEX (14) . The XL domain of XLαs and ALEX are completely disordered (Fig. 4A ) and function by binding to each other, in which ALEX regulates XLαs activity (14) . This isoform pair has the longest known dual-coding region in the human proteome, spanning more than 1,800 base pairs.
Another interesting pair is the INK4a/ARF tumor suppressor locus (geneID 1029). ARFs of this locus generate two distinct products: the p16 INK4a protein, a cyclin-dependent kinase inhibitor that functions upstream of the retinoblastoma protein, and the p19 ARF protein, which blocks MDM2 inhibition of p53 3 . The relation of derived frames to NMD. The pie chart shows the ratio of distinct types of NMD-related behavior (nontarget, target, escaping, and not relevant) of derived ARFs of dual-coding regions. Of 62 cases when the original and derived frames could be assigned, in not-NMD targets (Bottom Right, n ¼ 27) the dual-coding region starts (▾) in the last exon, so the PTC (*) does not elicit NMD. If the dual-coding region starts before the last exon, and the PTC appears more than 50 base pairs upstream of the last exon-exon junction, the transcript will be degraded by NMD (Top, n ¼ 3). If the novel coding region is long enough to pass the end of the NMD zone (⋯), the PTC will not induce NMD, and the transcript survives (Bottom Left, n ¼ 27). activity (15) . Remarkably, both these unrelated proteins are capable of inducing cell cycle arrest, although through completely different mechanisms (36) . Probably encoded by the original frame, p16
INK4a adopts a well-defined α-helical structure (37). On the other hand, p19 ARF has an N-terminal domain, whereas the second half of the protein is comprised of an entirely disordered segment coded by the derived frame (Fig. 4B) . The asymmetric evolution of the two coding frames reported by Szklarczyk et al. (16) can be also explained by this finding, because the fully disordered region encoded by the derived frame could tolerate more nonsynonymous mutations without the evolutionary constraints dictated by a folded structure. In fact, anomalously high mutation rates were reported in IDPs/IDRs by recent comparative studies (38, 39) .
Effective Generation of Functional Variants by the Elimination of a Functional Domain by Structural Disorder in the Alternative Frame.
Several isoform pairs revealed that dual coding combined with structural disorder can generate functional variants of a protein by replacing a domain with a disordered segment. The resulting protein, which is viable due to structural disorder and has an altered function and/or cellular localization due to the loss of a key element, can act as an inhibitor of the original protein.
The immediate evolutionary potential of this mechanism is most apparent in the case of transmembrane (TM) proteins. Our dualcoding dataset contains several TM proteins, and in 12 cases (GeneIDs 177, 858, 958, 960, 1438, 1441, 2204, 4179, 8784, 79412, 80739, 80835) the splice event not only shifts the reading frame but also results in the loss of the TM region (e.g., CSF3R; see Fig. 5 ). These single-pass type I membrane proteins have receptor or cell-adhesion functions, and deletion of their TM region leads to a change in localization, i.e., secretion to the extracellular space because they lack other transmembrane regions in either frame, as suggested by both HMMTOP (40) and TMHMM (41) predictions.
Some isoform pairs in this TM subgroup are well characterized as receptor-inhibitor pairs (42) (43) (44) , either because the secreted form can deplete the ligand of the receptor from the extracellular space or it can form a dimer with the receptor without generating a signal in the cell (see Table 2 ). The protein regions encoded by the derived frames are mostly disordered in 10 out of 12 cases (Table S1) , which contributes to function by allowing the transformation of a TM protein to a soluble one.
There are also other genes where the change in the reading frame eliminates part of the protein that is functionally important, thus the frameshifted variant can function as an inhibitor. Such protein/inhibitor pairs are thought to exist in the case of the XBP1 transcription factor [geneID 7494; (13)], the gonadotropin-releasing hormone receptor [geneID 2798; (11)], the heat shock transcription factor 4 [geneID 3299; (12)], and MCL1, an apoptosis regulator protein that belongs to the Bcl-2 family [geneID 4170; (10) ]. With the exception of the apoptosis regulator protein, protein disorder in the alternative frames prevails in these variants (see Table 2 and Table S1 ).
Discussion
A unique consequence of AS is the generation of distinct mRNAs, which can be translated in alternative reading frames. The ensuing dual coding raises serious concerns due to the codon codependency of the overlapping frames and the structural integrity of the encoded proteins. Due to these concerns, dual coding is generally thought to prevail in pathogenic organisms under pressure to maintain a compact genome (8, 9) and only recent results pointed to its possible importance in mammals in general and in the human genome in particular. It occurred to us that folding of two sequentially intertwined, yet unrelated proteins is very unlikely to occur, and this structural and functional conundrum can only be resolved by assuming structural disorder of the protein product generated in at least one of the frames as suggested for products of overlapping viral genes (8, 9) . To address this issue, we approached the structural status of proteins encoded by human genes that contain a dual-coding segment at least 75 base pairs in length. The amino acid composition of protein sequences and disorder prediction by IUPred and PONDR® VSL2 suggest that in the case of a −1 frameshift, the ancestral frame tends to be more ordered and the derived frame more disordered, whereas in the case of a þ1 frameshift, both frames have a similar high level of disorder. By both predictors, the majority of protein segments involved are mostly disordered. Because AS is known to correlate with structural disorder (28), this correlation The upper transcript represents the major TM isoform containing the intracellular region, which is encoded by the ancestral frame (light gray). As a result of AS, the exon containing the TM region is excluded from the transcript in the bottom, resulting in a secreted isoform that has a novel disordered C-terminal segment. S, signal sequence; EC, extracellular part; TM, transmembrane region; IC, intracellular part; DIS, disordered region. The case of three TM proteins and four other examples show that AS may elicit dual coding that leads to the replacement of a functional domain or region with a viable disordered segment. Because part of the original function is retained, such a change has the potential to generate an inhibitor of the ancestral protein at the expense of a minimal evolutionary investment. MHC, major histocompatibility complex. *Cases where the ancestral and derived frame could not be determined.
might be a consequence of the involvement of AS. This, however, is limited, because we only analyzed the dual-coding region and not the AS region that precedes it. Thus, the upstream AS event does not strongly discriminate between ordered and disordered regions that lie downstream. Furthermore, in certain cases, the dual-coding region even precedes the AS region.
Thus, the observed strong correlation suggests an intimate association between dual coding and structural disorder, which probably reflects selection for such segments at various levels, such as (i) evasion of cellular surveillance mechanisms eliminating misfolded proteins, (ii) prevention of protein aggregation of potentially misfolded proteins, and (iii) rapid selection of novel functions enabled by the functional plasticity and permissivity of IDPs. We will discuss these features in detail.
Protein folding is a highly evolved functional feature, and effective cellular surveillance mechanisms, such as the ubiquitin/ proteasome system (45), have evolved to eliminate misfolded proteins that lose function and are prone to aggregate. Although the polypeptide chain of IDPs is exposed all the time, due to their lack of hydrophobic residues (23, 34) they are resistant to spontaneous elimination by such mechanisms. In fact, many IDPs are long-lived proteins and structural disorder does not cause rapid clearance of proteins from the cell (46), whereas a newly emerging random sequence with the amino acid composition of ordered proteins would most probably expose its hydrophobic residues leading to its rapid elimination. In contrast, a random hydrophilic IDP sequence generated by dual coding is unlikely to be immediately disposed of by the cell.
A novel, random sequence also faces the risk of aggregation initiated by its exposed hydrophobic patches (47) . Whereas IDPs are known to form pathological aggregates (48), often they are resistant to denaturing conditions, such as high temperature (23) and structural disorder is anticorrelated with aggregation propensity (49) . Because globular proteins are highly amyloidogenic, their primary defense against aggregation is fast and effective folding (50), of which a random sequence generated by frameshift is unlikely to be capable. The mark of selection against aggregation is probably also evident in the high frequency of Pro and Gly, which can inhibit the formation of aggregates (51) , and also in high charge, i.e., extreme pI (34), inhibitory to aggregation (52) .
Probably the most exciting feature of structural disorder in the derived sequences is their enhanced capacity to generate novel function. IDPs often function by short linear motifs, which very effectively arise in evolution by random mutations (53) , their functions in general rely on very limited sequence information (26) that persist in the face of rapid evolutionary changes (39) . In line with these features, ancestral reading frames are usually under stronger selection (16, 18) , and alternatively spliced exons that alter the reading frame have a higher mutation rate than those which preserve the reading frame (4). In our dataset, there are several isoform pairs where both the ancestral and the derived variants have well-described functions (e.g., ALEX/XLαs and INK4a/ARF) or the novel function of the derived isoform results from replacing a functionally important segment with a disordered region, such as in the case of the secreted soluble forms of TM proteins. AS with frameshift could be especially important in these cases, because the simple exclusion of the TM region by AS without a frameshift would result in a secreted protein with the original intracellular region, inducing unwanted processes in the extracellular space. Structural disorder in this case enables the generation of a truncated, yet viable protein product that lacks the intracellular segment and is functionally related to the original protein.
In summary, we demonstrated that protein regions encoded by alternative reading frames have a high propensity for disorder due to selective advantages in protein viability and function. Whereas the small effective population size of humans might have enabled to fix stochastic effects in AS leading to dual coding in ARFs, the statistical overrepresentation of structural disorder in the derived frame-even compared to the random shifted sequences-and the functional association of several well-studied examples suggest that selection for the lack of structure and associated functions has occurred. Structural disorder and the underlying biased amino acid composition in the derived frame can help escape NMD, cause a functional switch, or simply help evade clearance at the protein level as a functionally neutral soluble "junk sequence." On a longer evolutionary timescale, random mutations compatible with the disordered state can drive functional adaptation, hence, dual coding in ARFs is also likely to have contributed to the sudden evolutionary rise of IDPs in eukaryotes. Although dual coding in prokaryotes evolved to compact their genome, the described phenomenon in eukaryotes participates in the extension of complexity and plasticity.
Methods
Generation of the Dataset of Dual-Coding Genes. As a source of sequence data and AS annotation, we used the human entries from the National Center for Biotechnology Information RefSeq (54) . We only selected mRNA sequences marked as reviewed, which are highly reliable and valid transcripts. To refine the homologous regions between splice variants, a BLAST (55) search was run on the database of þ1 and −1 frameshifted translations of RefSeq, with the original translated sequence as the query. Only dual-coding regions of more than 25 residues were analyzed, which is about the practical minimum required to carry an individual function by a disordered region (56) . Finally, we determined the protein evidence level of the transcripts (transcript, protein, and functional protein levels), and filtered out genes, where at least one of the isoforms have evidence only at transcript level. Thus, keeping protein pairs with the highest reliability only, our final dataset contains 67 isoform pairs. Our dataset is most similar to that of Liang and Landweber (18) , which is based on almost the same RefSeq database, and shows somewhat less similarity to other related datasets generated by de novo bioinformatic methods (16, 17, 19) .
To determine the ancestral reading frame, we searched for homologues of the dual-coding regions and compared the location of stop codons in both frames in other species (18) . We also considered the presence of other splice variants and the organization of exons of the gene, as well as the presence of conserved domains at the protein level. This procedure enabled the determination of the ancestral and the derived frames in 62 cases. Finally, we divided the final dataset into two groups according to the position of the derived frame relative to the ancestral frame, þ1 splice variants (frameshifted in the 3 0 direction), and −1 splice variants (frameshifted in the 5 0 direction). For a flowchart on the procedure applied for selecting data and obtaining results see Fig. S1 .
Disorder Prediction. Protein disorder was predicted by two algorithms, IUPred (31, 32) and PONDR® VSL2 (33), which are based on different principles and apply different approaches for disorder prediction. These predictors assign a disorder tendency score (between zero and one) for each amino acid and, as a measure of protein disorder, we calculated the percentage of residues above a cutoff value. In the case of PONDR® VSL2 we used the default cutoff value of 0.5, whereas a cutoff value of 0.4 was used for IUPred because this is the average score for disordered regions in the DisProt database (25) predicted by IUPred (57) . To avoid mispredicting coiled-coil regions as disordered, we used the COILS software (58) with >50% probability within a 21-residue window as an ordered segment. For the generation of the random shifted control dataset see Fig. S2 .
Detection of Possible Degradation by NMD. Because the alternative reading frame may contain a novel PTC, we also analyzed the transcripts for their NMD status. To this end, we applied the widely accepted criterion that a transcript is destined for NMD if its coding sequence ends >50 bp upstream of a splice site. We classified the NMD status of proteins coded by the derived frame into four groups: (i) dual-coding region is not in the C terminus, (ii) possible NMD target because of the presence of a PTC, (iii) dual-coding region is in the last exon, or starts near the last exon-exon junction, and (iv) it escapes NMD due to the length of the derived frame. Proteins were only placed into the third group if the length of their derived frame was the cause of NMD escape, as it was significantly longer in the NMD zone (region where a stop codon results in NMD) than a random frameshifted sequence, assuming an average of one stop codon per 20 residues.
Functional Characterization. Functional information on dual-coding genes was gathered from different sources: (i) annotations about function and localization in the UniProt database, (ii) UniProt keywords and Gene Ontology cross references (59, 60) , (iii) domain information in the Pfam database (61) , and (iv) extensive search in the literature for functional information. As a well-defined structural and functional attribute, we also mapped the TM regions of annotated TM proteins using the Topology Data Bank of Transmembrane Proteins and UniProt databases (40, 60) . If the splice variant of a TM protein lost the TM region, the new sequence was analyzed for the appearance of any novel TM region using the HMMTOP and the TMHMM software (40, 41) .
Statistical Analysis and Programming. Chi-square analysis with a 95% confidence interval and the Bonferroni correction (with p-value threshold reduced to 0.0025) were used to compare the amino acid content of the different datasets. Differences in predicted disorder were analyzed by the MannWhitney test. Perl scripts (SI Appendix) and other compiled software (e.g., IUPred, HMMTOP, etc.) were executed locally.
